ARR No. 3E26 



NATIONAL ADVlSORy COMMITTEE FOR AERONAUTICS 




ORIGINALLY ISSUED 

May 1943 as 
Advance Restricted Report 3E26 



LEAD SUSCEPTIBILITY OF PARAFFINS, CYCLOPARAFFINS, 

AND OLEFINS 

By Henry C. Barnett 

Aircraft Engine Research Laboratory 
Cleveland, Ohio 



ACA 



WASHINGTON 



NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre- 
viously held under a security status but are now unclassified. Some of these reports were not tech- 
nically edited. All have been reproduced without change in order to expedite general distribution. 




E-223 



3 1176 01364 8368 

KATIONAL ADVISOBY COMMITTEE VCSR iUEBOIIAUTICS 



ABTAUGE SESTEUCTED BEPOQEiT 



■ LEAD SDSGEFTIBILUT of FABAFFHB, CYCLOEABAJi'Ji'JJIti , AND OLEFDIS 

Eanzy C. Bamett 



SUMMABY 

General relatlonahlps for the lead suBceptibllitles of paraf- 
fins, cycloparaff Ins, and olefins are presented. Miethods cure 
described by which the leeid response nay be estimated for these 
hydrocarbon classes, whether the lead response Is Indicated by 
octane nuoiber, critical compression ratio, or indicated mean effec- 
tive pressure as limited by knock. 



INTRODUCTION 

Two disadvantages of the ootane scale ai-e the nonlinear 
nature of the curve and the discontinuity of the scale at 100- 
octane number. Heron and Beatty (reference l) have made a sig- 
nificant approach to the correction or elimination of these dif- 
ficulties by showing that, for supercharged -fuel tests, the relation 
between the reciprocal cf Indicated mean effective pressure and 
octane number is a straight line. Kecent data from The Ethyl 
Corporation uphold this fact, as shown in f*gure 1. In figure 2 
the same data are plotted using the indicated mean effective pres- 
sure Instead of its reciprocal. The two curves in figures 1 and 2 
can be represented by the equation of an equilateral hyperbola 

P (125 - N) = 3520 (1) 

where 

F .maximum permissible indicated mean effective pressure 

N supercharged octane number 

The relation between critical compreBBlon ratio and A.S.T.M. 
(Motor) Method octane' number cm also be roprssented by the equa- 
tion for a hyperbola. TiiiB relation ie llll:H■^.r^ted in figure 3. 
The curve In figure 3 was calculated from figure 1 of reference "2 
which shows the relationship between height of comFression chaofber 
and A.S.T.M. (Motor) Method octane number. The points on the ourve 



2 



In figure 3 are ezpertmental points from reference 2. The liTperbollc 
equation for tlie curve In figure 3- -Is 

(B - 3.3) (125 - Nj) = 125 (2) 

where 

B critical compresBlon ratio 

'A.S.T.M. (M3tor) Msthod octane number 

The asymptotes for the curve In figure 3 are 3.3 critical compres- 
sion ratio and 125 A.S.T.M. (Motor) Method octane number. Since 
the asymptotes for figure 3 are finite numbers, no straight -lino ^ 
relation can exist between the reciprocal of critical compression 
ratio emd octane number. 

It has been shown in unpublished data from this laboratory that, 
for the relationship of critical compression ratio to octeme number, 
neither of these asymptotes Is constant when engine conditions are 
varied. On a supercharged CFR engine (reference 1) It was found, 
however, that the relationship between the Inverse Indicated mean 
effective pressure and the supercharged octane number remained linear 
but changed in slope as engine conditions were varied. It follows 
from this fact that the curve In f igive 2 will change In position 
If engine conditions are varied but that, regardless of engine condi- 
tions, the curve will remain asymptotic to zero Indicated mean effective 
pressure . 

-In figure 4 are plotted data obtained by the A.F.I. Heron and 
Beatty (reference l) Interpreted lead response (gain of octane number 
per ml of tetraethyl lead) in terms of straight lines by using a 
plot similar to figure 4. A relation between figures 3 and 4 may 
be shown by extending the lines in figure 4 until they intersect at 
125-octane number. If both scales of figure 4 were converted to 
critical compression ratios, the point of intersection of the curves 
would be at a compression ratio of 3.3, as will be shown later. 
These points of Intersection are the asymptotes of figure 3. 

The existence of a straight-line relationship, such as shown in 
figure 4, has been previously used to show lead response in terms of 
octane number. It is, however, more desirable to have lead response 
defined in terms of increase In Indicated mean effective pressure or 
increase In critical compression ratio. These last two methods have 
been used In the present analysis. 
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DISCDSSION OF EBSDLTS 

_.. .. SuperchEU?ged."eiiglne-teBt ^datai - -By- use -of ■ the avallatle 
data, an analysis has been made of the lead response of the paraf- 
fins, cycloparaff Ins, and olefins. The leaA response nay he rep- 
resented as a stral^t line hy plotting Indicated mean effective 
pressures of the pure fuels a^sainsb indicated isean effective pres- 
sures of the leaded fuels. This as'thoS is used in figures 5 
through 14 vith the exception of figure 12. lbs data in fig- 
ures 5 through 14 ifere taken at the engine conditions shown in 
figure 1. In f-igufe 5 the response of -the pen-banes to 1.0 mil- 
liliter of 'tetrdethyl l6ad is shown.' A straight line drawn through 
these points Intersects the- 45° line' at zero indicated mean effective 
pressure. :!Ihe intersection is alsd at zero for the hexanes, hep- 
tanes, octanes, and nonanes shown in figures 6, 7, 8, and 9, res- 
pectively. 

The lead response of all the paraffins can he represented 
by a single straight line, as shown in figure 10. It is obvious 
that the compound having the highest permissible indicated mean 
effective pressure in the pure state has the greatest lead response. 
The passage of the line of constant lead concentration in fig- 
ure 10 through the origin shows that the percentage Increase in 
power for 1.0 mlllilitel* of tetiraethyl lead per gallon is constant 
for all paraffins. Heron and Beatty (reference l) found this 
statement to be true for 6.0-milllliter additions of tetraethyl 
lead. 

■ ■ The susceptibility of Isooctane to various quantities of 
tetraethyl lead is shown in figure 11. It is possible that the 
lead response of all tho paraffins may be represented by a chart 
similar to figure 11, but the position of the linos for constant 
tetraethyl -'leenL conc'dntrations other than 1- milliliter cannot be 
verified from the available data. 

In figure 12 the data from figure 11 are plotted as percentage 
power based on 100 'percent pover-vlth isooctane against millilltera 
of tetraethyl' lead .• •Oh the same figure are plotted values chosen 
by the Army Air Forces at "Wright Field to define the antiknock 
requirements of pursuit-grade avlntion fuels In tezms of per- 
formance number B. The performance numbers are plotted on the same 
ssaie Uffed'fbr the power perciantages. - The values of porfomemce 
iiumber aaa be reprasented by the following^ equation of a hyperbola: 
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where 

performance number 

L mllllllterB of tetraettayl lead per gallon 

- The curve drawn through the points In figure 12 Is calculated 
from equation (3). The data from figure 11 are In close agreement 
with this curve. 

There are Ineufflclent data to definitely estahlish the sua- 
oeptibllltles of the cycloparaff Ins (fig. 13) and olefins (fig. 14). 
When figures 12, 13, and 14 are compared, the response of the paraf- 
fins, cycloittraff Ins, and olefins Is of the* following oz^er: 



Hydrocarbons 
(ml TEL/gal) 


Percentage Increase Imep 


1.0 


2.0_j 


1 3.0 


4.0 


5.0 


6.0 


Paraffins 
Cycloparaff Ins 
Olefins 


26 
23 
14 


36. 


46 


51 


57 


61 























The percentage Increase In Indicated mean effective pressure 
for the olefins is estimated from diisobutylene. 

A.3.T.M. (Motor) Method data. - It has been shown in the intro- 
duction of this paper that the curve in figure 3 may be represented 
by a hyperbola asymptotic to a critical compression ratio of 3.3 and 
an octeuie number of 125. It has also been shown that the straight 
lines in figure 4, if extended, would intersect at an octane number of 
125. When the ratings shown in figure 4 are converted to critical com- 
pression ratios by figure 3, straight lines are obtained. These lines 
intersect at a critical compression ratio of 3.3 for the peuraffine, 
cycloparaff ins, or olefins. 

Qy the use of critical compression ratios, an analysis similar 
to that of supercharged -tes^t -engine data has been made for the 
available hydrocarbon ratings. The lead susceptibilities of the 
pentanes, hexanes, heptanes, and octanes are shown in figures 15, 
16, 17, and 18, respectively. As shown In flgurea 19 and 20, the 
lead response of the peu?afflns may be represented by single straight 
lines for 1.0 and 3.0 milliliters of tetraethyl lead, respectively. 
The equation for these straight lines of constant tetraethyl-lead 
concentration Is 



= K H - 3.3 (K - 1) 



(4) 
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Where 

.B^ ; , orltlcal ooippreBSlon ratio- ot leaded fuel - ■ - - 

B tirltioal oampreBBlon ratio of pure fuel 

E slope of Hue of constant tetraetliyl-lead ooncentratlon ' 

I 

The oycloparafflns (figs. 21 and 22) nay also be represented 
by a single straight line. The lead susceptibility of the olefins 
shown in figures 23 and 24- Is affected' by the position of the 
double bond. Iftitll more data are available, the accuracy of the 
lines of constant lead concentration cannot be established. Vhen 
these two figures are ccsapared, it nay be said that the octenes 
having the double bond In the 2 position have greater lead iresponse 
thali those with the double bond In the 1 position. 

Por each group of hydrocarbons there will bo a different value 
of K for equation (4). From figures 19, 20, 21, 22, 23, and 24 
the following values of E have been detezmlned: 



Value of K 





for 1.0 ml 


for 3.0 ml 


Faraff lbs 


1.34 


1.57 


Cycloparaf f 1 ns 


1.24 


1.41 


Octene - 2 


1.22 


1.33 


Octene - 1 


1.13 


1.30 



Since E Is the slope of the line of constant tetraethyl-lead 
concentration, it Is necessary to determine the lead response of 
only one compound In a particular hydrocarbon claaslf Iceitlon in 
order to estimate the lead response of btlier compounds of the same 
type from their pure ratings. The variation of E with tetraethyl- 
lead concentration is shown in f lgur«. 25'. 

In figures 19, 20, 81, 22, 23, aiid '24 the straight' lines 
Intersect at -a critical compression ratio of 3.3. It seems 
lileely that this point of intersection is fixed for all hydro- 
carbon types for A.S'.T.M. (Motor) Method' engine conditions. 
Unlike supercharged data in which the percentage increase in 
power is constant for a given quantity -of tetraethyl lead 
regardless of the pure fuel rating, the percentage Increase 
in critical compression ratio for a given quantity of tetraethyl 
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lead TBTles with the pure fuel xatlngs. This variation Is Illus- 
trated for the pareiff Ins "bj the ouirres In flgun 26, ^Ich are cal- 
culated from figures 19 and 20. The fact that the percentage 
Increase of critical compression ratio Is* not constant adds to the 
difficulty of Interpreting A.S.T.M. (Motor) M&thod ratings. 



CONCLUSIONS 

The following conclusions nay be drawn from the results presented 
In this report: 

1. For supercharged -engine tests, the percentage Increase In 
permissible Indicated meaB effective pressure for a given amount 

of tetraethyl lead per gallon was constant for the paraffins. This 
result was also true for the cycloparaf f Ins . 

2. For a 1.0-milllllter addition of tetraethyl lead per gallon, 
the power Increase was about 26 percent for paraffins and 23 percent 
for cycloparafflns at the supercharged -engine conditions examined. 
An Increase of 15 percent was determined for the olefins based on 
one rating for dllsobutylene. 

3. At A.S.T.M. (Motor) Mathod engine conditions, the following 
equation may be used to estimate lead response: 

Ej^ = K E - 3.3 (K - 1) 

where 

critical compression ratio of leaded fuel 

E critical compression ratio of pure fuel 

E slope of line of constant tetraethyl -lead concentration 

For a 1.0-mllllllter addition of tetraethyl lead, the value E 
obtained for the paraffins is 1.34j for the cycloparafflns, 1.24; 
for octenes with double bond in the 2 position, 1.22; and for octenes 
with double bond in the 1 position, 1.13. For a 3.0-mllllllter add- 
tion, the values of E obtained for the same compounds Is 1.57, 1.41, 
1.33, and 1.30, respectively. 



Aircraft Engine Be search Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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Figure 1.- Variation of reciprocal of indicated mean effective 
pressure with, octane nxunber at supercharged- engine- 
test conditions. The 17.6 engine: engine speed, 900 rpm; intake- 
air temperature, 225 i 3 F; coolant inlet temperature, 300 ± 5 F 
compression ra^io, 5.6; fuel-air ratio, approximately 0.070. 
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Figure 2.'- Variation of indicated mean effective pressure with 

octane mmber at superciiarged-engine-test conditions. 
The 17.6 engine; engine^speed, 900 rpm; intaka-air temperature, 
225 * 3 F; coolant inlet temperature, 300 * 5 Fi compression 
ratio, 5,6; fuel-air ratio, approximately 0.070. 
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Figure 3.- Variation of critical compression ratio with A.S.T.M. 
(tebtor) method octane nvon'ber. 
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Figure 4.- Lead Busceptibility of octanes. 
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JPigore 5.- Lead susceptibility of pentanes. The 17.6 engine j 

engine speed, 900 rpm; intake-air temperature, 
225 ± 3 coolant inlet temperature, 300 * 5 F; compression 
ratio, 5.6; fuel-air ratio, approximately 0.070. 
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Tigare 6.- Lead saacoptlblllty of h^xanea. The 17.6 engines 

engine speed. 900 rpm; intake-air teniperature, 
225 * 3 V| coolant inlet tanporaturei 300 * 5 JP; camprossion 
ratio, 6.6; fuel-air ratio, approximately 0.070. 
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Figure 7.- Lead susceptiTsility of iieptanes. The 17.6 engine; engine 

speed, 900 rpmj intake-air temperature, 225 ± 3 Fj coolant 
inlet temperature, 300 ± 5 F; compression ratio, 5,6; fuel-air ratio, 
approximately 0.070. 
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Figure 8.- Lead susceptibility of octanes. The 17.6 engine; 

engine speed, 900 rpm; intake-air temperature, 
225 ± 3 Pi coolant inlet temperature, 300 * 5 F| compression 
ratio, 5.6i fuel-air ratio, approximately 0.070. 
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rigure 9.- Lead susceptibility of nonanes. The 17.6 engine; engine 

speed, 900 rpm; intaJce-air temperature, 225 -±3 1; 
coolant inlet temperature, 300 * 5 P; compression ratio, 5.6j 
fuel-air ratio, approximately 0.070, 
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Figure 10.- Lead susceptibility of paraffinic hydrocarions . The 17.5 

engine! engine speed, 900 rpmi intake-air temperature, 
225 * 3 F» coolant inlet temperature, 300 * 5 P; compreesion ratio, 
5.6; fuel-air ratio, approximately O.OVO. 
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Figure 11.- Lead susceptibility of isooctane* The 17,6 engine} 
engine speed, 900 rpmi intake-air teinperature, 235 
± 3 Fj coolant inlet tempera txire, 300 i 5 P; compression ratio, 
5.6'; fuel-air ratio, approximately 0.070. 




Pigare IZ." Variation of power increase with tetraethyl- 
lead concentration for isooctane. 
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Figure 13.- Lead susceptibility of cycloparaff ins. The 17,6 

engine I engine spead, 900 rpm; intake-air temperature, 
225 i 3 F; coolant inlet temperature, 300 * 5 F; compression ratio, 
5.6; fuel-air ratio, approximately 0.070. 
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Figure 14.- Lead susceptibility of olefins. The 17.6 engine; 

engine speed, 900 rpm; intake-air temperature, 
225 ± 3 coolant inlet temperature, 300 ± 5 P; compression 
ratio, 5.6i fuel-air ratio, approximately 0.070. 
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Tlgare 15— Lead Bueceptlblllty of pentaaea "baBed on A.S«T.K. 
(niotor) nctnod ratings. 
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Figure 16.- Lead suBceptlblllty of hexanee based on A.S.I.k. 
(notor) BMthod ratings. 



NACA 



Fig. 17 




0 2 4 6 8 10 

Critical compression ratio of pure fuel 



Figure 17,- Lead susceptiMlity of heptanes based on A.S.T.M. 
(motor) method ratings. 
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Vlgare 18.- Lead auBceptlbllity of octaixes based on A.S.T.M. 
(motor) method ratings. 
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Lead BUBceptl'blllty of pai^afflns based on A.S.T.U, 
(aetor) oeihod ratinge. 
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Figure 20.- Lead s-usceptitility of paraffins 'based on A.S.T.M, 
(tnotor) method ratings. 



NACA 



Fig. 




Figure 21.- LeacL susceptibility of cyclopentane derivatives 
based on A.S.T.M. (atotor) method ratings. 
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Tlgare 22.- L«ad suaceptl'blllty of cyclohexane derlvalilTes 
ToBLBOi on A.S.T.M. (motor) Mthod ratloga. 
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Tlgore 2S.- Lead susceptl'blllty of octanes 'baaed on A.S.T.U. 
(no tor) mAtbod ratings from reference 1. 



Fig. 24 
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Tlgare 24.- Lead suaceptlbillty of octenas baeod on A.S.T.M. 
(itotor) method ratings. 
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Figure 25.- Variation of Z, slope of lead concentration line, 
with tetrasthyl-lead concentration. 
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Tlgnre 26.- Tarlatlon of perc&ntage Incraaae In critical 

cosipreBslon ratlu with critical compreaBlon ratio 
of pare paraffins. 



